  Abbreviations, acronyms & symbols                                                      
  ----------------------------------- --------------------------------------- --- ------ -----------------------------------------------
  ACC                                 = Aortic cross-clamp                        LOS    = Length of stay
  ASD                                 = Atrial septal defect                      MAE    = Major adverse events
  AV                                  = Atrioventricular                          MV     = Mechanical ventilation
  CHF                                 = Congestive heart failure                  OR     = Odds ratio
  CI                                  = Confidence interval                       PAB    = Pulmonary artery banding
  CPB                                 = Cardiopulmonary bypass                    PDA    = Patent ductus arteriosus
  CPR                                 = Cardiopulmonary resuscitation             PHT    = Pulmonary hypertension
  E-CPR                               = ECMO-cardiopulmonary resuscitation        SD     = Standard deviation
  ECMO                                = Extracorporeal membrane oxygenation       SPSS   = Statistical Package for the Social Sciences
  ICU                                 = Intensive care unit                       VSD    = Ventricular septal defect
  LBW                                 = Low birth weight                          VT     = Ventilation time

INTRODUCTION
============

The most common congenital heart defect is the ventricular septal defect (VSD). Thus, the surgical closure of VSD is the most common pediatric cardiac procedure performed around the world^\[[@r1]-[@r3]\]^. Most VSDs that are surgically repaired are perimembranous VSDs^\[[@r4]\]^. In the last two decades, advances in surgical techniques and in postoperative patient care have led to a decrease in postoperative mortality and morbidity^\[[@r5]-[@r7]\]^. However, there are still risks of a complicated course due to heart block, reoperation due to residual defects, prolonged mechanical ventilation (MV), and prolonged intensive care unit (ICU) and hospital stays. Despite a lack of worldwide consensus, most studies have found that a low birth weight (LBW) at the time of the operation and a young age (\< 6 months) are related to morbidity^\[[@r6]\]^. However, Schipper et al. reported that these two factors were associated with a prolonged ventilation time (VT) and ICU and hospital stays, although there was no increase in complication rates^\[[@r8]\]^.

In this paper, we revealed the risk factors that can lead to a complicated course and an increased morbidity in patients \< 1 year old after surgical VSD closure.

METHODS
=======

We reviewed a consecutive series of patients who were \< 1 year old and underwent surgical VSD closure between January 2015 and February 2018. This retrospective study was approved by the institutional Ethics Committee and was conducted in accordance with the principles of the Declaration of Helsinki. Patients were included in the study if they had a simple VSD, VSD with atrial septal defect (ASD), VSD with patent ductus arteriosus (PDA), VSD with mild pulmonary stenosis, or a previous pulmonary banding operation.

The VSDs were divided into perimembranous, muscular, and doubly committed defects. Patients with other pathologies were excluded from the study. Preoperative demographic data, previous history, surgical data, perfusion data, clinical follow-up, and preoperative and postoperative echocardiography reports were evaluated for each patient retrospectively.

In our routine, each patient had an echocardiographic examination before and after the procedure in the operating room. Preoperative cardiac catheterization was not performed on any patient. The indications for surgery were congestive heart failure (CHF), pulmonary hypertension (PHT), and PHT with CHF. None of the patients in this study who underwent surgery had aortic valve insufficiency.

Postoperative outcomes and complications were assessed and included the length of hospital and ICU stays, duration of MV, postcardiotomy syndrome, renal failure, chylothorax, temporary or permanent complete heart block, neurological events, sudden circulatory collapse, diaphragmatic paralysis, postoperative extracorporeal membrane oxygenation (ECMO) support, readmission to hospital, and death^\[[@r9]\]^. The duration of MV was considered to be prolonged if it lasted more than 24 hours; an extended ICU or hospital stay lasted longer than three days and seven days, respectively. Significant major adverse events (MAE) included unplanned reoperations, complete heart blocks requiring implantation of a permanent pacemaker, sudden cardiac arrest, and death.

Surgical Technique
------------------

All patients underwent a standardized median sternotomy and a cardiopulmonary bypass (CPB) maintained by aortic and selective caval cannulation. Del Nido cardioplegia solution was used after aortic cross-clamp (ACC) for cardiac protection. All VSDs were closed using a native pericardial patch and running suture technique. During the operation, ASD closure, PDA ligation, pulmonary artery debanding, and tricuspid valve plasty were also performed if necessary.

Statistical Analysis
--------------------

Statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS) software (version 22.0). The normal distribution of the variables was evaluated using visual (histogram and probability graphs) and analytical (Kolmogorov-Smirnov test and Shapiro-Wilk test) methods. A descriptive analysis was performed using frequency tables for the categorical variables; means and standard deviations were used to describe the normally distributed variables. Medians and ranges were used to describe the variables with a non-normal distribution. During the univariate analysis of the predictive risk factor for the outcome variables, univariate predictors were determined. Variables with a *P*-value\<0.05 in the univariate analysis that were not correlated with each other were included in the multivariate logistic regression analysis. Variables with *P*\<0.05 were considered to be significantly related to outcomes.

RESULTS
=======

VSD closure was performed in 185 patients. The demographic characteristics of the patients are demonstrated in [Table 1](#t1){ref-type="table"}. The median age was five months (1-12 months); 98 patients (53%) were male and 87 (47%) were female. The median body weight of the patients was 5.4 kg (2.8-10.5 kg) at the time of operation. The most common defect was perimembranous VSD (n=167, 90.3%), followed by muscular VSD (n=14, 7.6%), and doubly committed VSD (n=4, 2.2%). However, 16 (8.6%) patients had additional muscular VSDs.

###### 

Patients' baseline characteristics and operative variables.

  Variables                                         Patients (N:185)               
  ------------------------------------------------- ------------------------------ ------------
  Age (month), median (min-max)                     5 (1-12)                       
  Weight (kg), median (min-max)                     5.4 (2.8-10.5)                 
  Body surface area (m^2^), median (min-max)        0.3 (0.18-0.48)                
  Female, n (%)                                     87 (47.0)                      
  Type of VSD, n (%)                                Perimembranous                 167 (90.3)
  Muscular                                          14 (7.6)                       
  Doubly committed                                  4 (2.2)                        
  Indication for VSD closure, n (%)                 Pulmonary hypertension (PHT)   128 (69.2)
  Congestive heart failure (CHF)                    46 (24.9)                      
  Both PHT and CHF                                  11 (5.9)                       
  Concomitant cardiac defects, n (%)                Atrial septal defect (ASD)     36 (19.5)
  Patent ductus arteriosus (PDA)                    17 (9.2)                       
  Both ASD and PDA                                  9 (4.9)                        
  Additional muscular VSD                           16 (8.6)                       
  Patent foramen ovale                              21 (11.4)                      
  Shunt between left ventricle and right atrium     9 (4.9)                        
  Mitral regurgitation                              8 (4.3)                        
  Aortic valve prolapse                             2 (1.1)                        
  Preoperative MV support, n (%)                    9 (4.9)                        
  Genetic syndrome, n (%)                           Down                           58 (31.4)
  Others                                            10 (5.4)                       
  Aristotle basic score, mean±SD                    6.0±0.0                        
  Aristotle comprehensive score, mean±SD            6.6±0.9                        
  Preoperative hematocrit value, median (min-max)   33.6 (25.1-46.1)               
  Hypothermia (ºC), mean±SD                         32.8±1.8                       
  Bypass time (min), mean±SD                        86.0±22.8                      
  Aortic cross-clamp time (min), mean±SD            60.2±17.6                      

MV=mechanical ventilation;

SD=standard deviation;

VSD=ventricular septal defect

The most common indication for surgery was PHT (n=128, 69.2%), followed by CHF (n=46, 24.9%) and PHT and CHF (n=11, 5.9%). The most frequent concomitant cardiac defects were ASD (n=36, 19.5%) and PDA (n=17, 3.2%). Preoperatively, nine patients (4.9%) with CHF were receiving MV support. Genetic anomalies were present in 68 patients (36.8%); the most common genetic anomaly was Down syndrome (n=58, 31.4%).

Examination of the patients' operative data showed that the mean duration of CPB was 86.0±22.8 minutes and the mean ACC time was 60.2±17.6 minutes ([Table 1](#t1){ref-type="table"}). Prolonged MV occurred in 54 patients (29.2%), while 77 patients (41.6%) had a prolonged stay in the ICU, and 84 patients (45.4%) had a delayed discharge.

Pulmonary complications, such as atelectasis, pleural effusion, bronchospasm, and pneumothorax, were most frequent (n=19, 10.2%), followed by heart rhythm problems (n=17, 9.2%), including transient or permanent atrioventricular (AV) block and junctional ectopic tachycardia. Four patients (2.2%) required a permanent pacemaker. Six patients (3.2%) had a hemodynamically significant residual VSD.

One patient (0.5%) received ECMO and cardiopulmonary resuscitation (CPR). The cause of circulatory collapse was pulmonary hypertensive crisis. The patient was successfully withdrawn from ECMO and discharged. No neurological deficit was observed in any patient ([Table 2](#t2){ref-type="table"}).

###### 

Postoperative outcomes.

  Variables                                                  Patients (N: 185)                
  ---------------------------------------------------------- -------------------------------- ----------
  Ventilation time (h), median (min-max)                     17 (1-216)                       
  ≤ 24 h, n (%)                                              131 (70.8)                       
  \> 24 h, n (%)                                             54 (29.2)                        
  ICU LOS (day), median (min-max)                            3 (1-120)                        
  ≤ 3 d, n (%)                                               108 (58.8)                       
  \>3 d, n (%)                                               77 (41.6)                        
  Postoperative LOS (day), median (min-max)                  7(5-27)                          
  ≤ 7 d, n (%)                                               101 (54.6)                       
  \> 7 d, n (%)                                              84 (45.4)                        
  Delayed sternal closure, n (%)                             4 (2.2)                          
  Reintubation, n (%)                                        12 (6.5)                         
  Arrhythmia, n (%)                                          Junctional ectopic tachycardia   10 (5.4)
  Permanent complete AV block                                4 (2.2)                          
  Transient complete AV block                                3 (1.6)                          
  Infection, n (%)                                           10 (5.4)                         
  Neurological event, (%) [\*](#TFN4){ref-type="table-fn"}   \-                               
  Respiratory event, n (%)                                   Pulmonary atelectasis            8 (4.3)
  Pneumothorax                                               7 (3.8)                          
  Bronchospasm                                               3 (1.6)                          
  Pleural effusion                                           1 (0.5)                          
  Renal failure, n (%) [\*](#TFN4){ref-type="table-fn"}      \-                               
  Wound infection, n (%)                                     2 (1.1)                          
  Need for treatment of pulmonary hypertension, n (%)        9 (4.9)                          
  Decrease in left ventricular functions                     2 (1.1)                          
  Need for ECMO, n (%)                                       1 (0.5)                          
  Reoperation for residual VSD, n (%)                        6 (3.2)                          
  Rehospitalization, n (%)                                   2 (1.1)                          
  Death, n (%)                                               \-                               
  Major adverse event, n (%)                                 11(5.94)                         
  Total complications, n (%)                                 62 (33.5)                        

Renal dysfunction: Requiring temporary or permanent dialysis; neurological event: persisting at discharge.

AV=atrioventricular;

ECMO=extracorporeal membrane oxygenation;

ICU=intensive care unit;

LOS=length of stay;

VSD=ventricular septal defect

A multivariable model was used to assess the association between a patient's characteristics and the risk of MAE, prolonged MV time, or prolonged ICU or hospital stay ([Tables 3](#t3){ref-type="table"} and [4](#t4){ref-type="table"}). According to the model, LBW at the time of the operation was associated with a MAE (*odds ratio* \[OR\] 0.45, 95% confidence interval \[CI\] 22-0.93, and *P*=0.03). The MAE frequency was lower in males than in females (OR 0.17, 95% CI 0.03-0.89, and *P*=0.03). Age (\< 4 months) and prolonged CPB time were found to delay extubation and to prolong MV (OR 3.94, 95% CI 1.96-7.90, *P*\<0.001 and OR 1.01, 95% CI 1.00-1.03, *P*=0.03, respectively). Patients who underwent surgery because of PHT had a lower MV time (OR 0.27, 95% CI 0.10-0.77, *P*=0.01) than the others. An extended ICU stay was associated with patients who had a long CPB time and a high Aristotle comprehensive complexity score (OR 1.01, 95% CI 1.00-1.02, *P*=0.05 and OR 1.78, 95% CI 1.14-2.77, *P*=0.01, respectively). However, a high body weight at the time of the operation shortened the ICU stay (OR 0.59, 95% CI 0.44-0.78, *P*\<0.001).

###### 

Univariate analysis for major adverse event, prolonged ventilation time, prolonged intensive care unit (ICU) stay time, and prolonged hospital stay time.

  Major adverse event               *P* -value
  --------------------------------- ----------------
  *Variables*                        
  Weight                            0.04
  Gender (male)                     0.05
  Type of VSD                       0.05
  **Mechanical ventilation time**   ***P* -value**
  *Variables*                        
  Age (\< 4 months)                 \<0.001
  Weight                            \<0.001
  Indication of PHT                 0.02
  Preoperative intubation           0.02
  Aristotle comprehensive score     0.05
  CPB time                          0.05
  **ICU stay time**                 ***P* -value**
  *Variables*                        
  Age                               0.01
  Weight                            \<0.001
  Preoperative intubation           0.04
  Aristotle comprehensive score     0.002
  CPB time                          0.01
  ACC time                          0.01
  **Hospital stay time**            ***P* -value**
  *Variables*                        
  Age                               0.05
  Weight                            0.003
  Aristotle comprehensive score     0.02
  CPB time                          0.01

ACC=aortic cross-clamp;

CPB=cardiopulmonary bypass;

PHT=pulmonary hypertension;

VSD=ventricular septal defect

###### 

Multivariate analysis to determine independent predictive factors of major adverse events, postoperative ventilation, and intensive care unit (ICU) and hospital stay times.

  Dependent variables and predictive factors   Odds ratio                       95% CI lower   95% CI upper   *P* -value   
  -------------------------------------------- -------------------------------- -------------- -------------- ------------ ---------
  Major adverse event                          Weight                           0.45           0.22           0.93         0.03
                                               Male                             0.17           0.03           0.89         0.03
  Prolonged ventilation time                   ≤ 4 months                       3.94           1.96           7.90         \<0.001
                                               Indication of PHT                0.27           0.10           0.77         0.01
                                               CPB time                         1.01           1.00           1.03         0.03
  Prolonged ICU stay                           Weight                           0.59           0.44           0.78         \<0.001
                                               Aristotle  comprehensive score   1.78           1.14           2.77         0.01
                                               CPB time                         1.01           1.00           1.02         0.05
  Prolonged hospital stay                      Weight                           0.69           0.53           0.89         0.005
                                               CPB time                         1.01           1.00           1.02         0.04

CI=confidence interval;

CPB=cardiopulmonary bypass;

PHT=pulmonary hypertensionM

Two patients (1.1%) with CHF had a postoperative decrease in the left ventricular ejection fraction. The left ventricular functions were improved with medical treatment and the patients were discharged. One patient had a double-chamber pacemaker implanted due to a complete AV block. Eleven patients (5.94%) experienced a MAE, excluding death; these patients are listed in [Table 5](#t5){ref-type="table"}. Of these 11 patients, six (3.2%) patients underwent reoperation for residual VSD, four (2.2%) had a permanent pacemaker implanted after being monitored for two weeks, and one had pulmonary hypertensive crisis, as previously mentioned. The mean body weight of the 11 patients was 4.7 kg.

###### 

Major adverse events of 11 patients.

  Patient's number   Age (months)   Weight (kg)   VSD type                                               CPB (min)   Aristotle comprehensive score   Notes                                                                                                                                                                                                                          Genetics
  ------------------ -------------- ------------- ------------------------------------------------------ ----------- ------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ -------------------
  1                  4              4.5           Perimembranous large (from inlet to outlet)            101         7                               Reoperated due to residual leak from VSD patch at postoperative 2^nd^ day.                                                                                                                                                     Down
  2                  5              5.1           Perimembranous large                                   99          9                               Sternum left open postoperatively due to severe PHT, and closed at postoperative 1^st^ day. Pacemaker implanted at postoperative 10th day due to complete AV block.                                                            Down
  3                  3              5.5           Perimembranous malalignment large                      87          6                               Pacemaker implanted at postoperative 12^th^ day due to complete AV block.                                                                                                                                                       
  4                  3              5.1           Perimembranous large (inlet)                           101         8                               Pacemaker implanted at postoperative 9^th^ day due to complete AV block.                                                                                                                                                       Down
  5                  10             5.6           Perimembranous large                                   68          7                               Reoperated due to residual leak from VSD patch at postoperative 10^th^day.                                                                                                                                                     Down
  6                  4.5            4.5           Perimembranous large (inlet)                           81          6                               Reoperated due to residual leak from VSD patch at postoperative 6^th^day.                                                                                                                                                       
  7                  4              3.5           Perimembranous large                                   67          9                               Reoperated due to residual leak from VSD patch at postoperative 2^nd^ day.                                                                                                                                                     Preterm, DiGeorge
  8                  6              4             Perimembranous malalignment large                      77          6                               Reoperated due to residual leak from VSD patch at postoperative 2^nd^ day.                                                                                                                                                      
  9                  3              4.5           Muscular large                                         100         6                               Reoperated due to residual leak from VSD patch at postoperative 2^nd^ day.                                                                                                                                                      
  10                 5              5.9           Perimembranous large                                   111         6                               Pacemaker implanted at postoperative 7^th^ day due to complete AV block.                                                                                                                                                       Down
  11                 3              4             Perimembranous large + additional midmuscular defect   111         6                               PAB was not performed at first during the operation as the Qp/Qs ratio was 1, but after E-CPR at ICU due to the arrest pioneered by PHT crisis, PAB was performed before weaning from ECMO. He was discharged after weaning.    

AV=ventricular atrium;

CPB=cardiopulmonary bypass;

E-CPR=ECMO-cardiopulmonary resuscitation;

ECMO=extracorporeal membrane oxygenation;

ICU=intensive care unit;

PAB=pulmonary artery banding;

PHT=pulmonary hypertension; VSD=ventricular septal defect

The mean follow-up period was 1.97±0.8 years. Of the 185 patients, 55 (29.7%) had a residual hemodynamically insignificant VSD (\< 3 mm), which closed spontaneously on its own in 47 patients (85.45 %) during the follow-up period. The remaining eight patients did not have a long-term follow-up.

DISCUSSION
==========

Currently, surgical VSD closure is performed successfully in many centers with zero mortality and a low rate of complications. However, mortality and prolonged ICU and hospital stays are still reported due to complications. Reoperation rates for residual VSDs are between 0% and 4.6%, while pacemaker implantation rates are 0-5.6% and mortality rates are 0-2.8%^\[[@r5]-[@r8],[@r10],[@r11]\]^ ([Table 6](#t6){ref-type="table"}).

###### 

Results of VSD closure (studies after 2006).

  Author                             Year   N     Complete heart block (%)   Reoperation (%)   CPR or E-CPR (%)   Mortality (%)   Major adverse events (%)
  ---------------------------------- ------ ----- -------------------------- ----------------- ------------------ --------------- --------------------------
  Andersen et al.^\[\ ^[@r5]^\ \]^   2006   996   0.7                                                             1.5              
  Kogon et al.^\[\ ^[@r11]^\ \]^     2007   225   0                                                               0                
  Scully et al.^\[\ ^[@r10]^\ \]^    2010   215   0                          0                                    1.4              
  Anderson et al.^\[\ ^[@r6]^\ \]^   2013   285   2.1                        4.6                                  1.7             5.3
  Aydemir et al.^\[\ ^[@r7]^\ \]^    2013   282   \<0.01                     0.7                                  2.8              
  Schipper et al.^\[\ ^[@r8]^\ \]^   2016   243   0.8                        2.1               0                  0               2.9
  Present report et al.              2018   185   2.2                        3.2               0.5                0               5.9

CPR=cardiopulmonary resuscitation;

E-CPR=extracorporeal membrane oxygenation-cardiopulmonary resuscitation;

VSD=ventricular septal defect

In this retrospective analysis, surgical VSD closures were performed with zero mortality and a low rate of MAE. The reoperation rate for residual VSD was 3.2% and the permanent pacemaker implantation rate was 2.2%. We found out that our MAE rate (5.9%) was slightly higher than the ones presented by Anderson et al.^\[[@r6]\]^ (5.3%) and Schipper et al.^\[[@r8]\]^ (2.9%). However, the previous reports concentrated on the outcomes of the surgical management of VSDs in children regardless of age, while the present paper focused solely on VSD closure in patients \< 1 year of age.

Cardiac operations have become feasible and safe for young patients and patients with LBW because of improvements in surgical techniques and perfusion technology with good cardiac protection. Although some reports have demonstrated that LBW and age (\< 6 months) are associated with morbidity, there is no consensus on this issue.

Kogon et al.^\[[@r11]\]^ reported that the body weight did not affect the duration of the operation, ACC, CPB, and MV; in addition, body weight did not affect the development of complications or the length of ICU or hospital stay. Similarly, Schipper et al.^\[[@r8]\]^ showed that LBW did not lead to any complications despite prolonged hospital stay, VT, and ICU stay.

Schipper et al. also showed that Down syndrome was related to the duration of MV and ICU stay^\[[@r8]\]^. In the present study, 68 patients (36.8%) had a genetic syndrome; as expected, Down syndrome was the most common. Contrary to the report by Schipper et al., we found out that genetic syndromes were not risk factors for the development of MAE (*P*=0.16), prolonged MV time (*P*=0.66), prolonged ICU stay (*P*=0.17), or prolonged hospital stay (*P*=0.38).

Aydemir et al.^\[[@r7]\]^ emphasized that mortality was higher in patients \> 3 months of age than in those under this age, although there was no significant difference in morbidity between age groups. Anderson et al.^\[[@r6]\]^ showed that for patients \< 6 months old, every extra kilogram of weight at the time of operation shortened their ICU stay by about 2.3 days. Additionally, they reported that for every kilogram loss in body weight, the complication rate increased 1.8 times^\[[@r6]\]^. A body weight of \< 4 kg was found to be a risk factor for complete heart block^\[[@r12]\]^. In accordance with these previous studies, we concluded that an increase in body weight reduced the risk of MAE (OR 0.45, 95% CI 0.22-0.93, *P*=0.03), and shortened the ICU stay (OR 0.59, 95% CI 0.44-0.78, *P*\<0.001) and hospital stay (OR 0.69, 95% CI 0.53-0.89, *P*=0.005). We also showed that being \< 4 months of age was a risk factor for prolonged MV time (OR 3.94, 95% CI 1.96-7.90, *P*\<0.001).

To predict the mortality and morbidities associated with surgical VSD closure, different scoring systems are used^\[[@r13]\]^. As expected, the Aristotle comprehensive scores were high in patients who had a long ICU stay: OR 1.78, 95% CI 1.14-2.77, and *P*=0.01. We could not compare our result with previous studies because there was no similar study in the literature.

Studies have reported the residual VSD rates to be 16-51%^\[[@r8],[@r10]\]^ and the spontaneous closure rate to be approximately 71% within a three-year follow-up period^\[[@r8]\]^. In the present study, 29.7% of the patients had a residual hemodynamically insignificant VSD (\< 3 mm) and 85.4% (n=47) of these VSDs closed spontaneously within a mean follow-up period of 1.97±0.8 years. The moderately high insignificant residual VSD rate might be due to the post-CPB epicardial echocardiography routine^\[[@r14]\]^. This agreed with the conclusions by Schipper et al.^\[[@r8]\]^ who used transesophageal echocardiography.

Thus, the results of the present study supported the surgical closure of an isolated VSD in infants as a safe and effective therapy.

Limitations
-----------

The most important limitations of the present study were its retrospective nature and that it was a single-center study. If the total number of patients and associated complications were considered, the incidence of MAE might be affected. Thus, a study of a large series of patients or multicenter studies could be more informative.

CONCLUSION
==========

VSD repair is considered to be a safe procedure with a very low mortality rate. In this study, we found out that a high body weight at the time of the operation reduced the frequency of MAEs and shortened the duration of MV, ICU stay, and hospital stay. Genetic syndromes had no effect on MAE. The Aristotle comprehensive score was a useful tool to estimate postoperative outcomes. In conclusion, body weight should be taken into consideration for patients who are scheduled to undergo surgical VSD closure.
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